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Abstract 
This dissertation was written as a part of the MSc in Energy Systems at the International 
Hellenic University and aims to investigate the performance and thermal behavior of a 
thermal storage wall (mass solar wall). Alongside contemplates a series of parameters of 
the mass wall and the correlation that these parameters have between them. 
The paper presents some general information on bioclimatic architecture for solar ener-
gy. It analyzes the operating principles of passive solar systems and an extensive refer-
ence to the function and design of thermal storage walls. 
Energy simulation software of Energy Plus and the design Google Sketch-up program 
were used to study the performance of the mass wall for a number of parameters that 
affect the function and performance of a thermal storage wall, accompanied by interpre-
tation of the results. 
The goal of the study is to investigate the main energy performance factors of mass 
walls by energy simulation parametric analysis. The analysis will examine all material, 
design (orientation, thickness etc) and operation parameters together with representative 
climate parameters across the European continent, in order to propose an effective de-
sign optimization. 
I would like firstly to thank my supervisor Professor Dr. Theodoros Theodosiou for his 
truly support in the preparation of this paper, directions encouragement and his valuable 
assistance. I would like to thank also my professor Dr. Georgios Martinopoulos for his 
support and advice throughout the course. Tasty Fruit company as they showed under-
standing to undertake and fulfill all of my obligations and lastly my family that stands 
always by me. 
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                 “Si le soleil entre dans la maison,  
il est un peu dans votre cœur ”               Le Corbusier  
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1 Introduction 
1.1 Historical review 
Energy has played a significant role to human societies in a way to improve their lives and to 
lead to their technical and cultural progress. Oil crisis in 1973 has set a new era to the usage 
of energy that ought to be based on a new concept, which could reverse over time misuse and 
unnecessary energy wastage that were taking place since the Industrial Revolution 
Since then, all scientific research based on energy issues, from the production of energy to 
the distribution and all various forms of its usage reached numerous of principles and conclu-
sions that were no longer been evaluated and adapted as the low cost of energy and the rapid 
evolution on developed societies were not facing yet the problem. 
All sectors, exploration, production, transportation, final consumption, that are involved in 
energy had been expanded in an attempt to achieve a rational management on how to use 
energy and to replace conventional energy sources to new ones for a more sustainable future 
and environment. [1] 
One of the biggest energy consumers in modern societies occupies the building sector that 
covers operational needs of heating, cooling, lighting, ventilation, use of hot water. More 
than 40% of the final energy used in Europe is consumed in the building sector as picture 1 
shows below. [2] 
Buildings protect from weather conditions, accommodate various human activities and 
represent human culture and aesthetic. The building design and construction along with the 
operation and decent living consume huge amounts of energy. The constant increase in re-
quirements of energy presents the problematic relationship between technology and design, 
as they were modified by the Industrial Revolution. 
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Figure 1: The distribution of energy consumption by sector in Europe [3]  
Technological development and easy access to energy sources enable to construct buildings 
with acceptable comfort conditions based on the abundant supply of energy. 
Since ancient time traditional architecture took advantage and was build on the elements of 
nature to create buildings that could provide internal comfort conditions and improve protec-
tion from cold and heat. Mass energy supply removed all traditional methods and buildings 
could be constructed easier with few and standardized materials. [4] 
According to historical sources, Socrates was first conceived certain principles of building 
design that takes into account the elements of nature. Characteristic words are attributed to 
Socrates; "to homes then, facing midday, the sun in winter is shining through the halls and in 
summer, is passing over us and over the roofs, it gives shade; so if this is correct, we should 
build higher the south facade, so that the sun would not be blocked in winter and the north 
side lower, so as cold winds not to enter forcefully”. [5]  
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Figure 2: Socrates solar home (Synchronous display of the academic architect G.P.Lavvas) [6] 
1.2 Bioclimatic Systems 
Exploitation of nature-the sun and local climate conditions of a region to achieve decent liv-
ing and comfort conditions is the main scope of bioclimatic design. In the past basic design 
principles included empirical bioclimatic rules and through traditional ways buildings were 
designed in such a way to communicate with the environment. 
Modern bioclimatic design makes use of traditional architecture principles in combination 
with new automation technologies and new materials.  
The greatest challenge between engineers and architects is to build bioclimatic structures that 
will combine energy efficiency, aesthetically accepted facades from the inhabitants and bal-
ance in harmony with the rest residential environment. 
The integration of bioclimatic systems in a building aims to provide comfort conditions for 
thermal, visual and auditory sector. 
Bioclimatic systems take advantage of natural heating and cooling, natural ventilation and 
lighting and taking all necessary protection of the systems from the elements of nature, i.e. 
strong winds, rainfalls etc. [7]  
In this case bioclimatic building structures as they are adapted to each seasonal conditions 
(summer and winter) they are dynamic structures and not defensive having the opportunity to 
communicate with the environment. Energy building design aims to maximize free solar 
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gains for heating, cooling and lighting consuming less power in comparison with convention-
al buildings and offering solutions to reduce GHGs decreasing the size of carbon footprint. 
(CRES) 
1.3 Energy building design principles 
Key incentives to promote all research to develop energy building design sector were as fol-
lowing: 
 the impact on the environmental pollution and especially the climate change in urban 
areas  the last decades from the waste of conventional energy supply  
 the constant increase in consumption for heating and cooling of buildings in the de-
veloped and developing countries, 
 the expansion of shares held by the building sector in national energy balances, 
 the identification of significant energy amount which can be saved in the building sec-
tor, while improving thermal conditions comfort using new technologies. 
To design a building based on the bioclimatic principles we should gather important informa-
tion about the climate conditions of the region, the natural environment and its vegetation, the 
location and topography, temperature and solar radiation fluctuation in a daily and annual ba-
sis along with wind and relative humidity. [8] 
Some basic principles are followed: 
  To utilize free solar gains the main façade of the building as well as its openings 
should be oriented in the South in order to facilitate passive heating 
 Northern sides should be well insulated with compact walls avoiding openings or 
placing storerooms with limited use 
 Walls should have high thermal capacitance in order not to be affected either in small 
or huge temperature changes. Building structures with big inclination terrain thermal 
inertia of the ground shall be used. 
 Plantation plays a significant role to sun protection and shading, as wind cutter and 
improves the climate of the surrounding area. Specifically deciduous trees are pre-
ferred to offer shading during summer while during winter can leave sun beam to en-
ter. 
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 Inseparable connected with the architectural and bioclimatic design are the passive solar 
heating systems, systems that are components of the building and do not require any mechan-
ical energy or fluids moving through electrical devices such as pumps for their operation. 
Passive solar buildings differ from conventional in the design The key to design a passive 
solar building is to take advantage of local climate and of the South orientation. The design 
includes windows and type of glazing, insulation, air-sealing, thermal mass. 
Subsequently this paper shall present the areas of passive solar heating and cooling as well as 
their respective systems accordingly, which have an additional and beneficial effect on venti-
lation and lighting. [9] 
1.4 Passive solar heating  
Windows, walls and floors can be designed in such a way to collect solar energy, store it and 
distribute it gradually as heat during winter whilst summer have the ability to reject it. Pas-
sive systems do not evolve any use of device, mechanical or electrical to move solar heat. 
To exploit free solar gains during winter the building should have the appropriate shape and 
orientation, well placed and sizing of openings and correct internal space provision. Free so-
lar gains should be in position to recover heat transfer even during night time. 
During winter days openings permit solar radiation to enter building and internal spaces. In 
the form of heat solar energy is stored in thermal mass of the building that is diffused to the 
internal environment at night. To achieve a more efficient system the structural components 
shall be compact, with suitable thickness and insulated. [10] 
Heat is transferred through the thermal mass with convection and radiation. Thermal mass 
materials are considered concrete, bricks, water and new materials with well-improved prop-
erties. (TOTEE 20701-2/2010 Technical Chamber of Greece) 
Passive solar techniques can be applied to new buildings and can be easily adapted to old 
ones. Each passive solar building includes the collector, the absorber, thermal mass, the dis-
tribution and control.  
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Figure 3: Components of a Passive Solar thermal system [11] 
According to the way solar gain is attributed to the building there are three basic types of pas-
sive solar design 
 Direct Gain systems, sunlight enters straight into the building through the collector 
and absorbed by the thermal mass 
 Indirect Gain systems, solar heat is absorbed by the external wall that is painted main-
ly with dark colors and stored in the walls mass where it radiates into the living space 
gradually, over a period of several hours later. 
 Isolated space system where a sunspace, most common a greenhouse, that does not 
belong to the building shell solar radiation incidents through the glazing and heat is 
transferred to the inside [11,12] 
1.4.1 Direct Gain systems 
Direct gain systems are the simplest passive solar systems by using bigger openings in the 
south orientation while in the north applying external insulation. The building should be able 
to absorb solar radiation and through thermal mass to store and therefore capture it. 
During winter as the sun has lower orbit is easy to absorb solar gains. In contrast during 
summer there is need to cooling so we need to avoid solar radiation to be absorbed. As the 
sun orbit is higher with the use of shelters we shall achieve better results for shading provid-
ing protection from solar radiation and to avoid heat to be transferred into the building.  
Direct gain passive solar systems are simple and low cost structures that could be easily com-
bined with new materials regarding glazing or even openings on the ceiling to let sun radia-
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tion enter in southern spaces. Figure in picture 4 shows a direct gain solar system how it 
works. [12] 
 
Figure 4: Direct gain solar system schematic [11] 
1.4.2 Indirect gain systems 
In indirect gain passive solar systems the collection and storage of solar energy is made in the 
external façade of the building. Heat is stored between the collector and the interior space, 
e.g. a wall as solar radiation passes through glazing aperture, see picture 5 below. Basic func-
tional feature is the time lag that heat is distributed and diffused to the internal space. It de-
pends on the heat capacity of the heat store that is typically masonry of high heat capacitance. 
[12] 
 
Figure 5: Indirect gain passive solar system schematic [11] 
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Introduction to Passive Solar Concepts of indirect gain systems. 
Basic forms of indirect gain systems are the thermal mass solar walls, Trombe-michel wall 
and solar roofs. 
 Thermal mass solar wall 
The simplest form of a thermal mass solar wall is consisted of a glaze and a wall-thermal 
mass of dark color in the inside. Between the glazing and the thermal mass wall greenhouse 
conditions are evolved and as a result solar radiation cannot escape. Heat is transferred 
through conductivity to the internal space. Most common materials to construct a thermal 
mass wall are concrete, stone, bricks and blocks. It is common in recent constructions to use 
installations of movable insulation to avoid thermal losses during winter and to shade during 
summer, picture 6 presents these functions. 
 
Figure 6: Thermal solar mass wall schematic [13] 
 Trombe-Michel wall 
The Trombe wall is the common thermal mass wall with some variation that is the existence 
of suitable vents to the upper and bottom side of the mass wall to permit the natural heat 
movement from the collector to the living space and the cooler air from the living space to 
the collector. Pure physics as fundamental law heat moves from warmer to cooler environ-
ment until temperature difference is balanced. 
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Air between the glazing and the mass wall is getting warmer becoming lighter and as it raises 
it exits through the upper vent and enters the inside space, while replenished from cooler air 
that enters from the bottom vent as picture 7 shows schematically. 
 
Figure 7: Trombe-Michel wall schematic [13] 
Design parameters of Trombe wall: 
 The ratio of mass wall to the surface of the heating space  ranges from 0,25 to 0,75 
 The mass wall thickness ranges between 10cm to 45cm depending on the material 
 Air gap between glazing and wall ranges from 5cm to 12cm 
 The ratio of openings surface to the surface of the mass wall ranges from 0,01 to 0,02. 
These systems are preferred during winter period. In order to avoid overheating during sum-
mer period interventions of shading or moveable insulation deemed necessary.[14] 
Other systems of indirect gain are water mass wall and solar roof. 
Water mass wall  
Water mass wall is almost the same with thermal mass wall but in that case the wall consists 
of water instead of concrete, stone etc building materials. Water has higher thermal capacit-
ance as property and makes it more effective. Type, shape and the material of the water sto-
rage container varies affecting cost and system performance, while sealing is the main con-
cern  
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Solar roof 
Solar roof is a typical horizontal provision of a thermal mass wall and most commonly used 
in areas close to latitude of Equator due to the fact that the sun is always high even during 
winter. Instead of using thermal mass water or sheet metal can replace it for direct heat trans-
fer. 
There are some significant differences between direct and indirect gain passive solar systems 
as the structure and the presence of thermal mass in the indirect systems is stronger, solar 
gains in heat form delay to distribute in the living space making such systems suitable for 
spaces with night use, i.e. bedrooms. 
Isolated space solar gain system  
Isolated space systems collect solar radiation in specially designed areas that are not structur-
al components of the building. Such areas called sunspaces or most commonly greenhouses. 
 
Figure 8: Isolated space solar gain system-Sunspace schematic [11] 
Sunspace 
A sunspace or a greenhouse is a closed structure placed in the south orientation surrounded 
with glazing. It operates as a space to store heat and additionally as an auxiliary living space 
room. It is possible between the sunspace and the main living space to be inserted a mass 
wall. It has the same operation with the Trombe wall although it gains due to the bigger sur-
face that covers and the inclination of the glazing. 
Design Parameters of a sunspace: 
 The ratio of the floor surface to the surface of the whole glazing ranges between 0,6 to 
1,6. 
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 The thermal capacitance per sunspace surface should range between 0,3 to 0,85 
MJ/m
2
/
o
C 
 The ratio of openings surface to the floor surface of the sunspace ranges between 0,01 
to 0,02 
 The vertical distance of the openings should be more than 2m 
 The ratio of the sunspace glazing to the surface of the heating space room ranges be-
tween 0,1 to 0,5.[14] 
1.5 Passive Cooling 
The energy building design was first developed in northern countries and addressed, in the 
early years, mainly for heating. 
The architecture trends with large openings structures on buildings, the increased standard 
living, the heat island phenomenon and the increasing participation of electromechanical 
equipment in the energy balance of buildings, contributed greatly to this displacing the emer-
gency saving energy from the winter to summer season. 
 
Figure 9: Natural ventilation, open apertures schematic [11] 
Passive cooling is the second goal of bioclimatic design systems. 
The application of passive cooling systems could prevent building from overheating while 
minimizing the excessive use of air condition systems that consume huge amounts of energy, 
causing air pollution and the emission of GHG, are unhealthy as the air quality is not re-
newed, commonly known as Sick Building Syndrome and occupy large surface of a building 
façade regarding building blocks or offices making it less attractive. 
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For that purpose it is necessary to form a proper configuration of the microclimate of the sur-
roundings while using sheds and special ventilation techniques. 
Cost effective solutions referring to the configuration of the microclimate is the use of plants 
that can help to improve the urban environment. Plantation beside the obvious function of 
shading, through the biological phenomenon of evaporation-transpiration has the ability to 
absorb solar radiation.  
The microclimate is modified in order to protect the building and its surroundings from solar 
radiation and the formation of cool air streaming. The spatial provision of the plants plays a 
significant role letting the air passing through them leading to the building. Aquatic structures 
in combination with appropriate plantation, such as open ponds, artificial lakes or even foun-
tains could offer coolness feeling. 
Plantation shades openings and opaque surfaces of the building shot shell. However, the most 
common way to protect openings is structures depending on the orientation and the shape of 
each opening. Shading systems can be either stable such as balconies and overhangs or mov-
able such as sheds and blinds Horizontal sheds are preferred for southern sides of the build-
ing, while for the western sides solar radiation is avoided by using vertical sheds. Movable 
provisions are controlled manually or automatically by human according to the needs, al-
though they need to be adapted to the needs of natural ventilation and lighting. 
Solar chimney constitutes a passive cooling ventilation technique and is based on the prin-
ciple of draft. As the chimney is warmed by solar radiation the air that moves in it is getting 
warmed. Air becomes lighter and moves upwards, the gap is replaced by air that moves 
through pipes remaining cool down in the ground or air that comes from vents to the northern 
side of the building. [15] 
1.6 Thermal comfort conditions 
By saving energy in a building a simple and most direct way is to achieve this purpose is by 
limiting the costs for heating, cooling, ventilation, lighting and hot water. However by reduc-
ing energy use, we are not sure whether we utilize comfort conditions in the living space of 
the building generally accepted by humans living in it. 
Saving energy and achieving comfort conditions in each case of a building are combined to-
gether in accordance with the principles of bioclimatic energy design of buildings. 
Buildings that follow and are designed by these principles are considered to be successful and 
characterizing of high thermal conditions. 
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It is important to study upon energy savings, thermal comfort. 
The perception of the living conditions and thermal comfort is a general concept and as each 
human perceives heat and cool in different ways, industries have developed numerical me-
thods to achieve satisfying and acceptable limits of physical sizes such as air temperature, 
mean radiant temperature, relative air speed and air humidity and therefore achieve accepta-
ble levels of thermal comfort conditions. To define acceptable levels of thermal comfort con-
ditions we need to define thermal comfort. 
As thermal comfort is defined as the mental state which expresses satisfaction by the envi-
ronmental conditions. It seems complex so by defining thermal discomfort we shall under-
stand the meaning of thermal comfort. Thermal discomfort happens when human body 
warms or colds. The same may happens when the perception of the temperature is not com-
mon throughout the body. [16] 
It still remains easy to understand that there is not an optimum and acceptable by everyone 
situation for thermal comfort. The perception of thermal comfort and environmental condi-
tions are different for a small child and an adult. Apart from physical sizes that are mentioned 
above, significant involvement in shaping thermal comfort have other parameters such as the 
clothing level and physical activity.[16] 
 
Figure 10: Parameters of thermal comfort conditions [17] 
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1.6.1 Correlation parameters for assessing thermal comfort 
The parameters that modulate the general thermal comfort conditions in the interior living 
space that is able to be controlled by the designer are the following: 
 The ambient air temperature 
 The temperature of the surrounding area 
 Air humidity 
 Air flow in the living space 
 Air quality 
 The noise 
 The lighting of the space, natural or artificial 
Picture 10 above shows schematically some of  the parameters assessing thermal comfort. 
The first four parameters are those that shape the thermal comfort and along with the other 
three determine the quality of the inside environmental conditions of a building. The ways 
that these parameters affect energy exchanges of human body with the indoor conditions and 
finally affect thermal comfort are: 
 Temperature and air flow contribute in heat exchange by transfer 
 The temperature of the surrounding surfaces in heat exchange by radiation 
 The relative humidity of the air in rejecting heat from human body by evaporation. 
Requirements depending on the type and use of a building 
The type and use of a building specifies the required indoor conditions. There is a minimum 
limit of renewal of fresh air inside the building in order to ensure thermal comfort and espe-
cially the hygiene requirements to avoid health issues. It strongly depends on the number of 
users and their activity.  
Heating system and thermal comfort 
Heating systems are operating either by radiation or by transfer from thermal units most 
common used heating systems are the forced air transfer with classic radiator, in-floor heat-
ing or ceiling heating. Where to place the terminal units or the heating system should be stu-
died and designed in such a way to reduce heat losses through the building envelope and 
maintain the required acceptable thermal comfort conditions. Each type of systems create its 
own environmental conditions even when the thermostat is similar configured. The type and 
level of insulation the building affects significantly the temperature and thermal radiation le-
vels and therefore the thermal comfort levels provided. 
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As a general rule thermal units should be placed and distributed in the living space uniformly 
and close to surfaces with increased thermal losses in order to contribute directly achieving 
thermal stability to the indoor.  
The main characteristics that influence of which heating systems to choose according to each 
area climate conditions and the position of the thermal units in the building are: 
 Operation schedule and the use of the building (home, offices etc.)  
 The geometry and size of the living space 
 The ratio of the opening surfaces to compact structure components. 
The operation schedule is related to thermal mass of the building and affects the lag time be-
tween the time when the use of building starts operating and the moment when indoor tem-
perature has the desired value. 
If the building is used on a twenty-four-hour basis the structure components store thermal 
loads yielding them gradually in the living space with short lag-hysteresis time  
If the building is used part of the day, such as office buildings, there is no need to provide 
heat during evening and night hours. As a result during morning the structure components 
have eliminate stored heat showing high thermal lag-hysteresis and long operating time of the 
heating system until reaching the desired thermal comfort conditions. (TOTEE Tech. Direc-
tion 20701-1/2010 Technical Chamber of Greece)  
The geometry and shape of the building affect the design and the heating system choice is 
order to avoid thermal losses and provide homogeneous distribution of temperature in the liv-
ing space. The interference of optical barriers around the space is also increased trapping 
heat. High ceiling tends to accumulate heat in the upper part, so most of the heat load is not 
usable and leads to wasted energy, preventing acceptable thermal comfort conditions. 
Openings in the façade of the building create areas of low temperature creating local asym-
metry. Thermal units also create local asymmetry of increased temperature areas. With study 
of the design and placement we shall achieve neutralization and milder heat distribution in 
space with acceptable levels of comfort conditions. 
1.6.2 The user involvement in shaping thermal comfort 
Energy building design gives the user the right to participate in the configuration of thermal 
comfort conditions in the living space. According to the human requirements to achieve ac-
ceptable thermal comfort much research have lead to treat human needs as a list of technical 
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standards and rules resulting from international and national standards in each case, type and 
use of building regarding climate conditions. 
The concept of a typical according to standards user is rather irrational as human needs may 
change time to time depending on mood, activity or outfit. 
The user has the possibility to form thermal comfort of the living place, although the obliga-
tion to contribute in low energy consumption reveals quite mandatory as it correlates to the 
final energy requirements of the building [18] 
Information and training of the user play the most important role to achieve objectives of 
energy building design, providing thermal comfort conditions with as low as possible energy 
consumption. The state should establish appropriate measures to train people as users obtain-
ing energy consciousness and the awareness of the effects of excessive use of energy. 
1.7 Advantages and disadvantages of PSS 
In the last few decades there has been a growing interest in Passive Solar Systems as they are 
able to with the proper design and use to cover the majority of the heating requirements of a 
building. This applies particularly in climates characterized by increased solar radiation in-
tensities. 
Overall, the main advantages of Passive solar systems are: 
 Low cost of construction and zero operating costs. 
 High performance 
 Simple operation 
 Soft adaptation to existing building 
On the other hand, there are some disadvantages of the PSS (Passive solar systems). 
 The recovery of a PSS is accompanied by requirements for insolation of the southern 
building façade that is not usually feasible in dense residential areas. 
 The require good planning on the design and sun protection, as they could lead to 
overheating of the building  
 The calculation and sizing of PSS require simulation control and analytical methods 
as there is interference with the rest characteristics of the building. 
In any case the participation of the user is required in order to regulate PSS on a seasonal lev-
el or even daily. [19] 
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2 Thermal mass solar wall 
2.1 Thermal mass wall 
Passive solar systems are considered to be energy systems that can significantly contribute to 
a building’s energy efficiency during the winter. 
Among all systems, thermal mass walls are considered to be the most applicable to existing 
building constructions due to their simplicity, low cost and soft adaptation to existing fa-
cades.  
Thermal mass walls are the most characteristic construction of passive solar systems of indi-
rect solar gain system that takes advantage of the South. It is a combination of glazing single 
or double-glazed in the external side and a wall-thermal mass of dark colors in the internal 
side which is adjusted on a part of the building shell (existing buildings) or is part of it. Be-
tween the wall and the glazing interferes a gap thickness of 5-15cm. Glazing is for reflection 
on the collector of thermal radiation preventing in addition convection with air in the atmos-
phere, while the wall’s properties are of high thermal capacitance as heat storage smoothing 
high temperatures and controlling heat transfer by conduction. [11] 
The operation as it mentioned on the introduction of passive solar systems is divided into 
three phases: 
 Collection 
 Storage 
 Distribution 
2.2 Thermal mass wall operating principles 
Collection of solar radiation 
The operation of a thermal mass wall depends on the principle operation of the greenhouse 
phenomenon. 
Looking from out side environment to the inside of the building of the thermal mass wall sec-
tion, solar radiation passes through glazing and incidents to the external side of the wall. 
Mass wall stores solar energy as heat increasing its temperature. It is often that these tem-
peratures can reach 60
o
C in a winter sunny day, although it depends strongly on the charac-
teristics of the wall and climate conditions.  
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On a sunny day during day time the collector surface is overheated and mass wall gradually 
is heated, in the form of heat as it enters through conductivity inside the building distributing 
it to living space. On the contrary during night time heat is transferred in the living space un-
til discharge of thermal load of the wall. An effective method is by using movable insulation. 
It is an easy way to reduce losses by radiation and convection and delay discharge of thermal 
wall. 
Heat storage 
The key to sustainability of passive solar systems that operate with free solar gains is the abil-
ity to store heat. As it depends from weather conditions, we cannot utilize the total amount of 
solar energy that we collect, but we are able to store notably amounts through the thermal 
mass wall. It depends one the material of the thermal mass and its properties of thermal capa-
citance. Materials that are common used for thermal storage tank are concrete, stone bricks, 
concrete blocks or even water.  
The role of insulation 
The supplied thermal energy as it enters the building, escapes through the building envelope 
to the environment by conduction or as air mass during ventilation. Part of the buildings heat 
escapes by radiation through the transparent surfaces. The rate of heat losses is proportional 
to the temperature differences between the atmosphere and the interior, the insulation-
protection of the shell, heat storage capacity of the materials used and the intensity of ventila-
tion. To maintain the desired indoor conditions without replenishing the amount of heat that 
is lost by consuming more and more energy, a well designed building that is properly insu-
lated with proper materials and sizing could reduce also the cost to consume.  
Thermal mass walls should be insulated from all the structure elements which are in contact 
to avoid thermal bridges and in addition to prevent cracking due to expansion and contraction 
of the materials. [20]  
2.3 Efficiency of mass wall system  
The efficiency of thermal mass walls depends on: 
 The surface of the wall 
 The thickness of the wall 
 The material which the wall is constructed 
 The absorbing ability of the outer surface of the wall that is facing the gap 
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 The material and type of glazing 
 The techniques used to increase incident radiation by using reflectors. 
 Heat loss during operation and during night time. 
The size of the mass wall when is not specified by architectural features, depends on the rate 
of thermal load that aims to cover. 
The thickness of the mass wall combined with thermal conductivity of the wall material af-
fect the hysteresis time-lag with which heat reaches the side of the wall to the indoor. 
Wall Materials with high conductivity testify the increased thickness that is used to obtain the 
desired hysteresis and heat transfer to ensure thermal stability indoor, comfort and attribute to 
profit. 
Material for glazing that is often used single or twin glass pane is consisted of ordinary glass, 
preferably insulated. Low emissivity, as glass property, takes places in the performance of the 
system by increasing it and reducing losses through radiation to the outer environment during 
the day. 
The absorbing ability of the wall surface affects the proportion of the incident solar radiation 
that is converted into heat and heat losses through radiation. It is strongly depended on the 
color and texture of the wall. Dark colors and rough texture increase the absorbing ability and 
these are preferred the most. 
Reflectors are used to increase incident solar radiation. They are two types the external and 
internal reflectors.  
External reflectors according to their inclination and sun position during the day reflect solar 
radiation to glazing, mass wall, ceilings or floors absorbing and storing solar energy as heat. 
They used also as movable insulation during winter night or during the whole summer as a 
shading device to protect the building from overheating. It is easy to be placed and mainten-
ance as long as there is enough space. Picture 11 indicates schematically an external reflector. 
Position 1 is for reflective functioning and position 2 stands for insulating function. 
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Figure 11: External mass wall’s reflectors [13] 
In case there is limit to the space, internal reflectors are used commonly known as blinds di-
recting solar radiation to mass wall. They are usually constructed with an absorbent line to 
one or both sides so as to increase their performance. The same system is possible to include 
insulation in the core of blinds. Their function is determined by the rotation of the blinds ma-
nually or automatically. Picture 12 shows a provision of internal reflectors. Vents (12c) are 
used for natural ventilation to avoid overcharging. 
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Figure 12: Internal mass wall’s reflectors [13] 
2.4 Thermal mass wall design 
We started analyzing thermal mass as a system of indirect solar gain, discussing about mate-
rials commonly used, its operating principles and features that affect its performance. 
To obtain an optimal design of a thermal solar wall we need firstly to ensure the southern 
orientation. Additionally characteristics of great interest regarding mass wall are the thermal 
capacitance, mass-density, thermal conductivity. We are interested in high thermal capacit-
ance, high density by meanings of increased wall thickness and high thermal conductivity 
that depends on the design. 
However, there are some restrictions and limits set by the general building regulations, the 
structural integrity-capacity rule and also the architectural design.  
Choosing which material to use according its thermo- physical properties mass wall structure 
varies. There are structures manufactured with reinforced concrete, concrete blocks, solid ce-
ramic bricks, stones bricks or even enclosed water in suitable containers of plastic or metal. 
Some characteristic structures according to different kind of material used are presenting be-
low. 
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Figure 13: Mass walls consist of natural stone and solid bricks (building refurbishment) [13] 
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Figure 14: Mass wall by mud-bricks [13] 
Reinforced concrete structures make an exception. They are frequently most occurring due to 
the fact that they belong to the load bearing structure of the building, thus the structural inte-
grity is not calculated with the same way; consequently there are less restriction in the means 
of the structural capacity [21] 
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Figure 15: Mass wall by cement blocks with concrete filling [13] 
Water structures on the other hand establish transparent components offering higher visual 
comfort as sunlight is able to transit through them. Pictures 16 and 17 show mass walls con-
structed with the use water as a heat storage material. 
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Figure 16: Mass wall by transparent tank with water [13] 
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Figure 17: Mass wall by metallic tanks filled with water [13] 
Regarding glazing in combination with the external side of the mass wall we need to consider 
about the color and texture. Wall color influences the absorption of solar radiation which in-
cidents on the wall. Dark colors are those with high absorbing ability. Wall texture influences 
reflections of solar radiation, where rough textures have lower reflecting ability and therefore 
less energy loss by radiation through the glazing. 
Glazing consists of single or preferably double glass. In order to increase energy performance 
of the system type of glass with low emissivity, most commonly referred as Low-e glass is 
used. It is designed to prevent heat losses through the glass to the environment. The rate glass 
transmits heat out of the building is measured by U value. The larger the value is the greater 
heat losses are. Improved window frames attribute to the overall insulation properties of the 
glazing. (TOTEE 20701-2/2010) 
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In any case as greenhouse conditions are evolving at the thermal mass solar wall system, it 
deems necessary to use insulate the thermal mass wall. Movable insulation during winter 
night to increase solar gains hence thermal heat and during summer as additionally as shading 
device to avoid overheating and therefore to avoid thermal discomfort conditions. Shading 
either by overhangs or by the step up of the balcony depends on the design of the building. 
Blinds are commonly used where they are adjusted to any design of building.  
Requirements of upper and lower vents, as shown in picture 18 adjusted to glazing to further 
contribute to the ventilation of the area between glass and wall. It is an easy way to discharge 
thermal loads. 
 
Figure 18: Upper and lower vents for natural ventilation of mass wall [13] 
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3 Research methodology  
3.1 Basic assumptions 
The goal of the study is to investigate the main energy performance factors of thermal mass 
solar walls by energy simulation parametric analysis. The basic idea is to compare and trans-
form a conventional construction into passive concentrated on the heating and cooling needs. 
The analysis will examine all material, design (air gap thickness, orientation, shading etc.) 
and operation parameters (i.e. movable insulation) along with representative climate parame-
ters across the European continent, in order to propose an effective design optimization and 
assess the mass wall system’s potential contribution to the energy efficiency of a building. 
For the study EnergyPlus simulation software has been used to simulate the model. 
The main model assumptions are: 
 Two stories apartment that could definitely belong to a multi-story building are ex-
amined.  
 The lower story is an apartment where solar mass wall is installed.  
 Internal partitions are neglected 
 
Figure 19: Simulation model south elevation 
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Figure 20: Simulation model North elevation 
 
As the examined apartments occupy two stories of a multi-story building, floors and ceilings 
are assumed adiabatic. An assumption almost completely representative of actual het flows in 
multi-story buildings since all apartments have the same thermostatic settings.  
The two stories are divided into two thermal zones as pictures 19 and 20 present. The upper 
story has no solar passive systems and is being used as a reference thermal zone, where the 
lower story has adapted solar system of indirect gain by using thermal solar mass wall. All 
integral gains, functions, systems and thermostat temperatures for the examined stories are 
considered identical. 
The study area has been chosen for Thessaloniki. 
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3.2 Software & simulation model 
3.2.1 Software used 
EnergyPlus is a free open source and cross-platform software that has the ability to run on 
multiple systems. Its development is funded by the US Department of energy (DOE) and 
Building Technologies Office (BTO) and managed by the National Renewable Energy La-
boratory (NREL).  
EnergyPlus is a console-based program that reads input and gives output in a form of text 
files. Several comprehensive graphical interfaces for EnergyPlus are available. DOE uses 
Openstudio software development kit and suite of applications. In combination with Opens-
tudio, Energy Plus is part of BTO portfolio. 
EnergyPlus released in 2001. Since then it is upgraded twice a year offering its significant 
distribution to energy standards. It is developed in collaboration with NREL, various DOE 
National Laboratories, academic institutions and private firms. It is essentially a whole build-
ing energy simulation program used by engineers, architects and modeling building research-
ers. 
Some of the potential features and various capabilities of the software include: 
 Simulation for heating, cooling, ventilation , lighting and hot water needs 
 Integrated solution conditions of a thermal zone and how HVAC systems response 
 Calculation of heat balance between the effects of solar radiation and convection that 
produce surface temperature, thermal comfort and condensation calculation 
 Interaction between thermal zones and environment on a sub-hourly basis 
 Calculation of air flow through thermal zones due to heat and mass transfer 
 Advanced fenestration (glazing) models calculate the solar energy absorbed by glass 
panes and are able even to simulate controlled blinds or even electrochromic glazing 
 Settings applied to machinery equipment 
 Illuminance-Lighting control and calculation of visual comfort 
 Result reports on an sub-hourly to annual basis all with energy source multipliers 
 Component based HVAC supporting standard and novel system configurations 
 Functional Mockup Interface import and export for co-simulation with other engines 
Weather data in a suitable format to read by EnergyPlus is available on its relative website. 
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OpenStudio
® 
is cross platform software, collection of tools to support the whole building 
modelling simulating in EnergyPlus by using radiance in an advanced daylight analysis. It 
runs also on multiple systems that is able to facilitate community development, extension and 
private sector adoption. The graphical applications include OpenStudio SketchUp Plug-in, 
OpenStudio Application, ResultsViewer and the Parametric Analysis Tool.  
OpenStudio SketchUp Plug-in a modelling tools that allows the user to create easy geome-
tries needed for EnergyPlus. OpenStudio Application is full of graphical features interface to 
OpenStudio models including building envelope, loads, schedules and HVAC system. 
ResultsViewer enables to browse, plot and compare simulation time series output data. 
Parametric Analysis Tool enables to study the impact of applying multiple combinations of 
Openstudio Measures to the basic model as well as to export analysis results for submission. 
SketchUp is a 3D modelling design program that provides opportunities to a wide range of 
design applications such as architecture, interior design, landscape architecture, civil and me-
chanical engineering, filming and video gaming. Free available is the SketchUp make an easy 
version to use even for amateur users. There is an online module-library with models to 
choose that best suit to the user supporting plug-in programs to provide more other features. 
The process to install OpenStudio and each plug-in to SketchUp comes firstly from SketchUp 
option Extension Warehouse download the plug-in feature and then activate it with the Pref-
erence option. [http://apps1.eere.energy.gov/buildings/energyplus/] 
[https://www.sketchup.com/download] 
3.2.2 Modeling process 
Geometry 
To set the model, we shall construct its geometry of outer shell by using SketchUp program 
and commands from toolbox OpenStudio. We are able to create thermal zones. Same thermal 
zones are characterized those with the same or similar use, same profiles and common elec-
tromechanical systems (Technical directives of Technical Chamber T.O.T.E.E. 20701-1 / 
2010). 
There are two individual zones, Reference Zone that belongs to the upper story and the Pas-
sive Zone of the lower story that includes the thermal mass solar wall system.  
Passive zone will help us to compare energy efficiency of mass wall to the conventional of 
the Reference Zone as we proceed on the interventions suggested to the study. 
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SketchUp design with OpenStudio 
The command New EnergyPlus Zone creates a thermal zone that we are able to design with 
commands of SketchUp. The tool Show Object Info Window contains all properties of the 
design surface and the whole zone. This is the table where we name each zone or surface to 
separate from each other. 
Each surface is characterized by: 
 Name 
 Type, whether the surface is a ceiling or floor 
 Construction, identifies cross section of each structural element 
 Zone 
 Outside boundary Condition 
At this point exposure to sunlight and air from the external surfaces is defined. As there is a 
module constriction, for each façade of the building should be divided into respective surfac-
es that define the structural elements. 
Openings are created as a new surface upon an existing one. The properties that characterized 
are: 
 Name 
 Type, whether the opening surface is a door or window 
 Construction 
 Base surface, I which existed surface is created the new one 
 Shading device, whether any shading device is applied 
 Frame and divider, describing the framed structures 
In case there is any external shading applied such as external balconies, trees or other build-
ings, new command is entered (New EnergyPlus Shading Group) creating shading zone. File 
is saved from OpenStudio toolbar. To continue in EnergyPlus we have to make as an idf file 
Materials 
Before creating each kind of all the structural elements, we should define materials from 
which they are composed.  
We create Material, for construction of the cross section of structural elements for external 
beam and pillars along with external walls such as: 
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 Reinforced concrete: either 30cm and 35cm 
 Cement plaster: 2cm 
 Extruded polystyrene XPS 6cm 
 Clay bricks: 20cm 
For glazing as WindowMaterial: 
 Glazing: Clear single glazed 6mm 
Cross section of the masonry for Reference and Passive zone accordingly, as basic assump-
tions are following in figures of pictures 21 and 22. 
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Figure 21: Cross section of masonry for the conventional apartment of Reference zone 
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Figure 22: Cross section of masonry for the apartment with mass wall of Passive zone 
The following tables 1,2 and 3 are gathering properties of all the materials used, their ther-
mophysical properties of construction and the calculation of thermal insulation requirements. 
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Table 1: Construction material thermo-physical properties of external beam and pillars 
 External Beam & Pillars    
  thickness 
thermal 
conductivity 
thermal 
resistance  
  d λ d/λ  
 Material layer m W/mK m²K/W  
1 Cement plaster 0.020 0.870 0.023  
2 
Extruded polysty-
rene 0.060 0.035 1.714  
3 Reinforced Concrete 0.250 2.500 0.100  
4 Cement plaster 0.020 0.870 0.023  
  0.350 Ext.Surf.resist. 0.040  
   Int.Surf.resist. 0.130  
   U-value= 0.493 W/m²K 
 
Table 2: Construction material thermo-physical properties of external walls 
External Walls     
 thickness 
thermal 
conductivity 
thermal 
resistance  
 d λ d/λ  
Material layer m W/mK m²K/W  
Cement plaster 0.020 0.870 0.023  
Extruded polystry-
rene 0.060 0.035 1.714  
Clay bricks 0.200 0.780 0.256  
Cement plaster 0.020 0.870 0.023  
 0.300 Ext.Surf.resist. 0.040  
  Int.Surf.resist. 0.130  
  U-value= 0.457 W/m²K 
     
 
Table 3: Construction material thermo-physical properties of solar mass wall 
Mass Wall     
 thickness 
thermal 
conductivity 
thermal 
resistance  
 d λ d/λ  
Material layer m W/mK m²K/W  
Glass 0.006 1.000 0.006  
Air gap 0.100  0.180  
Reinforced Concrete 0.250 2.500 0.100  
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Cement plaster 0.020 0.870 0.023  
 0.376 Ext.Surf.resist. 0.040  
  Int.Surf.resist. 0.130  
  U-value= 2.088 W/m²K 
     
 
[TOTEE 20701-2/2010] 
3.2.3 Creation of Schedules 
One of the capabilities of EnergyPlus programs as we mentioned at the introduction of the 
software is the sub-hourly simulation of energy behavior of a building. We have the opportu-
nity to create the so called Schedules to define the function of the building. 
Lights Schedule: 
Schedule that lights are working, starting at 8:00 till 24:00 the whole year 
Equipment Schedule: 
It is a mode for electrical appliances that are starting working at 8:00 till 24:00 the whole 
year. 
Always On, Always Off: 
They are modes to select an object that works continuously or when something is not occur-
ring at all. 
Heating Schedule: 
It is a mode to control thermostat settings for the heating period. 
As the heating period is divided into two periods such as the first on 1
st
 of January until 30
th
 
of April and the second on 1
st
 of November until 31
st
 of December 
Three are the main thermostat settings for heating mode:  
 00:00 – 07:00 at 16oC 
 07:00 – 23:00 at 21oC 
 23:00 – 24:00 at 16oC 
Cooling Schedule: 
It is the mode to control thermostat setting for the cooling period. 
Cooling period starts on 1
st
 of May until 31
st
 of October. 
Three are the main thermostat setting for cooling mode: 
 00:00 – 12:00 is OFF 
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 12:00 –21:00 at 26oC 
 21:00 – 24:00 is OFF 
Both apartments are considered to be new constructions with high quality windows and good 
conditions of air tightness. Infiltration of air is assumed to be 0.50 as air changes per hour 
(ach). 
This study is concentrated on heating and cooling needs. Actual energy consumption is not 
investigated, or otherwise the performance of the heating and cooling system is assumed to 
be 1.0. 
Schedules for heating and cooling define comfort condition limits depending on the season of 
the year as they are completely defined through Technical Directives. [21] 
The thermostat is the sensor device that activates the heating and cooling system in order to 
prevent temperature to take values out of the limit that the Schedules define. From the 
HVACTemplate: Thermostat is defining which schedule the thermostat shall follow, while in 
the HVACTemplate:Zone:IDEALloadsAirSystem are determined the zones to be controlled 
by the thermostat. AirSystem is also defined. 
To define the periods that we need the system to run is defined by the RunPeriod and as long 
as we need to determine period of time we use Timestep. The Output Reposting list presents 
the results of our analysis. Our measurements are on monthly, hourly and annually basis ana-
lyzed. 
Internal gains are considered all thermal gains that are not derived from solar radiation or 
heating system. Such thermal gains are defined by users (People), lights and electric equip-
ment.  
Accordingly for Ventilation and Infiltration of air we enter in ZoneInfiltration:Design Flo-
wRate and ZoneVentilation:Design Flow Rate, values taken from Technical Directives TO-
TEE 20701-1/2010. 
The mass wall, as an option is not included in the EnergyPlus, there is a list of Trombe walls 
available in the program such as Active Trombe Wall and Passive Trombe Wall. Passive 
Trombe walls are divided into naturally ventilated and to seal walls. Checking sealed passive 
Trombe wall. To simulate a mass wall to EnergyPlus we need to create a zone of the air gap 
between the glazing and mass wall, where it is 100mm. A single clear glass pane of 6mm is 
selected. It is remarkable that the external side of the structure consists of glass which covers 
almost the whole surface of the pane and need to have high thermal transferring. The internal 
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side of the zone of the structure consists of masonry that need to have as much thickness as 
required according to structure ability, high absorbing factor, and low emissivity factor. Solar 
distribution should be in the option Full interior and exterior. 
3.3 Interventions to improve thermal solar mass wall 
Interventions in the form of suggested scenarios are applied to the original model. Each one 
and in combination to the previous one are examined where results of the simulation thereaf-
ter shall be developed. 
The model of the two story apartments is located in Thessaloniki, with coordinates 40.64 
North and 22.93 East. Weather conditions data are supported by a list from EP-Launch for 
the relative region. As we can see to the following picture 23 attached, we are able to simu-
late each Input file we are interested to examine and develop by simulation. 
 
Figure 23: EP-Launch clipping image 
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The orientation of the building is South, mass wall is defined in 0
o
 South. 
Drawings of the building were introduced on a previous chapter. Elevations of the building in 
south, north and east orientation are shown it the picture 24 following. 
Dimensions of thermal mass wall as a heating store are 3m width and 3m height, where the 
wall consists of reinforced concrete 25cm and cement plaster of 2cm. The air gap has 100mm 
depth. Dimension for the glazing is 3m width and 3m height and consists of single glass 6mm 
where the pane is tangential without any interruptions in the glazing. It is rational to take into 
consideration the pane that occupies usually at 5cm. To simplify our simulation measure-
ments we are not taking into account. 
Scenarios examined are referring to investigation for optimal orientation, type of glazing 
which has the best performance of the system, construction materials, thickness changes to 
find out which is more efficient and performance of the mass wall system in different climat-
ic conditions from warmer to colder climates. 
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Figure 24: South, North, East elevation of simulated model with construction elements and design 
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First scenario 
The thermal mass wall in the original model is not shading. No external shading is applied as 
it is assumed that balconies do not exist. 
Second scenario 
As previous scenario, however shading now is applied in the form of balconies as shown in 
picture 25. 
 
Figure 25: Shading with overhangs of the model 
Energy requirements for heating of the original model and both of the two zones are zero the 
period of months May to October. Shading is applied through all this period 
constantly.Creating an object of shading material with its cross section as constriction, and 
thereafter to create a schedule for the summer period that we are interested to control 
shading. 
 
Third scenario 
As second scenario, thus summer ventilation is applied to both apartments for cooling pur-
poses. Natural ventilation schedule is applied from 1
st
 of May until 30
th
 of October timetable 
is set at 00:00 till 08:00 concerning night ventilation and from 21:00 to 24:00. 
Creating objects for each timetable Ventilation mass wall . 
Scenarios that are following are all based on the third one as reference scenario and thereafter 
all added interventions are simulated to achieve results with optimal values. 
Fourth scenario 
This scenario refers to natural ventilation of the air gap system. In order to extract heat and 
prevent overheating the upper and lower vents of the mass wall’s window are left open. As 
the ventilation schedule was set to operate from 1
st
 of May till the end of October in the third 
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scenario. During winter months vents shall remain closed to achieve an efficient perfor-
mance, while in summer shall open. Cool air enters from environment into the mass wall, as 
it is heated due to thermosyphonic phenomenon hot air exits from the upper vent at the top of 
the wall, while mass wall is getting cooler. This intervention shall reduce energy needs for 
cooling. 
Fifth scenario 
It includes the previous scenario plus a roller which is placed within the gap as movable insu-
lation. The roller is used during winter nights to provide additional thermal insulation to the 
building and decrease thermal losses through long wave radiation to the cooler environment. 
The roller has an additional use during the entire summer period in order to provide shading 
and thermal insulation in order to decrease heat gains. 
Sixth scenario 
It is the same scenario as reference scenario (third scenario), where the building is rotated 
from East to West with an azimuth step of 10
o
 degrees, in order to investigate the effect of 
orientation on mass wall’s behavior. 
Seventh scenario 
In this scenario different types of glazing are examined. Beyond the base case where the glaz-
ing is single pane of 6mm, clear glass of 3mm thickness, Low-e clear 3mm, Double clear 
pane glass and Double pane Low-e glass are examined. 
Eighth scenario 
In this scenario different construction material for the wall are examined. These materials are 
simulated by examining thermal conductivity from value 1.0 to 3.0 [W/mK]. This range in-
cludes solid clay bricks to ultra reinforced concrete materials and some types of stone rocks. 
Ninth scenario 
In this set of simulation the thickness of mass wall is examined. Values from 10cm to 50cm 
with a step of 5cm set the program. Wall’s thickness affects both the overall wall conductivi-
ty and the thermal inertia. 
Tenth scenario 
The last scenario according to this study, the performance of mass wall under different cli-
matic conditions is examined from warm to cold climates. Telaviv, Larnaca, Heraklio, 
Athens, Thessaloniki, Rome, Florina, Brussels, Berlin and Stockholm are the cities examined. 
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Most of the variables in the EP program set a type limit of Fraction that allows choosing 
which option of the system shall be on or off, either for heating or cooling period. To take 
output of the variables with most interest, in this case study we preferred hourly data, we 
create objects with schedule Reporting Frequency e.g. Hourly. All data are exported in excel 
form files by choosing Variable of EP Launch. 
The picture 26 following shows a typical provision of thermal solar mass wall that represents 
a close insight to the study model. 
 
Figure 26: Typical provision of thermal solar mass wall close to the model of the study [13] 
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4 Parametric analysis & results 
According to monthly heating and cooling needs we present in the following graph of picture 
27 the monthly thermal behaviour of the examined apartments, as the model was set with re-
spective values for Reference and Passive zone As it is shown for the heating period from 
January to April and November to December thermal solar mass wall of Passive zone affects 
the system to reduce energy needs for heating and to the performance of the overall system in 
comparison to Reference zone. It is remarkably notable the influence that mass wall has on 
the system during summer period. Even if the values are very close to those of Reference 
zone, interventions of insulation, shading and ventilation deem necessary to prevent overheat-
ing and thermal discomfort. 
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Figure 27: Diagram of monthly thermal and cooling needs of the examined apartments 
The graph of picture 28 below shows the heating and cooling needs on an annual basis for 
each apartment of Reference and Passive zone after interventions suggested in this study in 
the form of five scenarios. It presents the base scenario where no shading or ventilation is ap-
plied and thereafter following the applied scenarios additionally as interventions to the origi-
nal. Scenario two provides shading by overhangs, scenario three as previous but with addi-
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tional natural ventilation for cooling purposes. Consumption is rather reduced by those inter-
ventions improving the thermal behavior of the system. Energy consumption for cooling 
needs seem to increase a lot, about 35% to 40% of Passive zone in comparison to Reference. 
By adding the scenarios four which provide natural summer ventilation using upper and low-
er vents, movable insulation to degrease night thermal loss during winter and provide extra 
insulation and shading in summer as well. Last scenario removes the moveable insulation for 
summer nights to let the system perform with natural ventilation. Passive system of mass wall 
demonstrates the functioning of the system with positive results, even though in the base sce-
nario consumption is 29, 1 kWh/m
2
/a an amount little less than 31, 34 kWh/m
2
/ a of the last 
scenario applied. This is correct, as the amount is not remarkable 7%, due to the fact that we 
considered from the first place both apartments as new constructions with high quality con-
struction elements. 
Heating & Cooling needs for each apartment
29
,1
25
,9
33
,2
15
,9
32
,6
18
,6
34
,5
12
,5
33
,8
8,
3
34
,5
5,
4
31
,2
4
6,
27
31
,3
4
5,
98
0
5
10
15
20
25
30
35
40
Heating Cooling Heating Cooling
Passive Zone Reference Zone
A
n
n
u
al
 H
e
at
in
g/
C
o
o
lin
g 
N
e
e
d
s 
(k
W
h
/m
²/
a)
Base Scenario +Shading +NatVent Movable Insulation + vent Movable Insulation2
 
Figure 28: Diagram of heating and cooling needs according to suggested scenarios additionally on an 
annual base for each apartment 
Taking into consideration solar wall temperatures during winter days as we have chosen 
05/02 to 09/02 we realize how the effectiveness of mass wall system. As picture 29 shows 
below that Wall out Temperature may reach more than 40
o
C. This is an extremely huge 
amount translated in the form of heat gain. However, what interests more is the Wall in Tem-
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perature as heat is transferring through the wall to the living space, where we need heat in 
such temperatures to achieve good living conditions along with thermal comfort. It depends 
on the material, type of insulation and thickness of the wall. During midday appear the high-
est temperatures.  
Picture 30 shows for the same period solar transmittance through wall surface and fluctuation 
of heat flow in. It is rational heat flux during midday (12:00) to appear the lowest amounts as 
there is lag time since the wall to collect and store solar gains and start attributing to the sys-
tem the whole night till next day.  
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Figure 29: Diagram of thermal mass solar wall temperatures during winter days 
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Solar & Heat gains of wall
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Figure 30: Solar and heat gains of the thermal solar mass wall 
Orientation 
As a general rule for energy building design is that south orientation is the most desired and 
suitable for buildings. However, in practice is difficult to build a construction fully south 
oriented due to limits such as geomorphology plot, geometry and other construction in the 
surroundings. 
The figures in pictures 31, 32 and 33 below show the ambient temperature the chosen days 
from 05/02 till 07/02 in five different times of the day, along with solar transmittance 
throughout the glazing of mass wall construction, solar wall’s external and internal surface 
temperatures and finally solar wall’s inside surface heat flux in different orientation-
elevations of the building. Fluctuation of ambient temperature is between -2
 o
C to 10
o
C in 
picture 31. 
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Figure 31: Ambient temperature during winter days 
Deviation from south orientation of 0
 o
 to 90
 o
 with a step of 15
 o
 accordingly east to west was 
applied on our schedules as variable objects to measure. In figure 3 diagram of solar transmit-
tance through the glass shows deviation of south from east to west with step of 30
 o
 in order 
to have a more clear perception on the effect of orientation. 
Results between fully south orientation 0
 o
 and 30
 o
 East and 30
 o
 West seem to be rather simi-
lar achieving almost the same amount of heat flux to the interior, although lag of time and 
efficiency depends. Eastern elevation façade as the sun sets, shading prevents solar mass wall 
to collect more solar radiation. Typically the opposite occurs in the case of a western eleva-
tion façade of our building. The system is late to respond in collecting solar radiation while it 
detains a bit more solar transmittance. The surface under the bell curve is occupying more in 
the fully south oriented with Gaussian distribution. 
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Solar Walls, solar transmittance throught the glass
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Figure 32: Diagram of glazing solar transmittance  
 
Picture 33 shows temperatures reached at the mass wall’s external surface according to orien-
tation options the chosen dates. It is really remarkable that even in cold winter days a solar 
mass wall structure may reach temperatures at 48
 o
C. Obviously the building performs in full 
south orientation. 
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Solar Wall's Outside Temperature
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Figure 33: Diagram of external side of mass wall’s temperature 
Figure 34 as follows, shows reached temperatures in the internal side of the solar mass wall. 
As the external side reaches 47
 o
C, internal side may reach almost 30
 o
C.  
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Solar Wall's  Inside Temperature for the examined orientations
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Figure 34: Diagram of internal side of mass wall’s temperature 
As we are interested in the useful amount that solar radiation is transferred to the inside living 
space in the form of heat, picture 35 shows heat flow to the interior for the examined orienta-
tions. Throughout the dates that are selected, south performs our system. 
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Solar Wall's  Inside surface heat flux for the examined 
orientations
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Figure 35: Diagram of solar wall’s internal side heat flow for the examined orientations 
Table 4 below shows the effect of orientation on the annual apartments needs for heating and 
cooling for both Reference and Passive thermal zones. As we are interested in the lowest 
amounts of energy consumption for heating and cooling purposes, according to the percen-
tage change in relation to south orientation, total south in 0
o
 is the optimal orientation. Small 
deviations around south 15 
o 
West
 
to -15
o 
East show respectively as well low energy con-
sumption on the needs. In comparison Reference to Passive Zone, the effect of orientation 
improves the system regarding heating needs. Cooling needs are modestly increased as shad-
ing and insulation measures play a vital role. 
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Table 4: Annual apartment energy needs and percentage change in relation to south orientation 
 
Summarizing the results on the diagram of figure 36 below, optimal orientation suggested to 
our model is south where requirements meet. 
  
Effect of Orientation on Energy Needs 
Annual Apartment Energy Needs (kWh/m²/a) 
Percentage change in relation to South orient. 
(%) 
  
Main 
Orien
tation 
Azimu
th 
Heat. 
Refere
nce 
Heat. 
Passive 
Cool. 
Refere
nce 
Cool.  
Passive 
Change 
in Heat 
Req./ 
South 
Passive 
(%) 
Change in 
Heating 
Req./ 
South Ref-
erence (%) 
Change 
in Cool-
ing Req./ 
South 
Passive 
(%) 
Change in 
Cooling 
Req. / 
South Ref-
erence (%) 
East -90° 38,91 42,82 9,23 14,62 27% 9% 76% 72% 
  -75° 38,74 40,84 9,02 14,81 21% 9% 79% 68% 
  -60° 38,32 40,01 8,39 13,69 19% 8% 65% 56% 
  -45° 37,57 38,07 7,43 12,24 13% 6% 48% 38% 
  -30° 36,63 35,99 6,38 10,40 7% 3% 26% 19% 
  -15° 35,87 33,35 5,62 9,03 -1% 1% 9% 5% 
South 0° 35,61 33,75 5,37 8,29 0% 0% 0% 0% 
  15° 35,90 33,27 5,69 9,13 -1% 1% 10% 6% 
  30° 36,70 35,01 6,52 10,71 4% 3% 29% 21% 
  45° 37,74 38,16 7,57 12,20 13% 6% 47% 41% 
  60° 38,48 39,40 8,41 13,69 17% 8% 65% 57% 
  75° 38,80 40,99 8,92 14,36 21% 9% 73% 66% 
West 90° 38,75 42,70 9,08 14,16 26% 9% 71% 69% 
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Effect of Orientation on Energy Needs
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Figure 36: Effect of orientation on annual energy needs of the apartment 
 
Material of thermal mass wall - tank storage 
The function of the construction material of a mass wall determines the amount of energy that 
is able to store and the way it is attributed to the heated living space.  
Table 5 below shows results of the effect of thermal conductivity of the material on the an-
nual apartments needs for heating and cooling for both Reference and Passive thermal zone. 
We compare materials to their thermal conductivity which values between 1.0 W/mK to 3.0 
W/mK with a step of 0.2. Heating and cooling requirements meet at point with thermal con-
ductivity or λ=2.5 W/mK corresponding to reinforced concrete and this is the optimal value 
to our system as picture 37 presents. 
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Table 5: Annual apartment energy needs according to effect of thermal conductivity of wall material 
and percentage change in relation to original model 
Effect of Wall Material (thermal conductivity) on Energy Needs
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Figure 37: Diagram of the effect of thermal conductivity of the wall’s material on energy needs & the 
percentage change in relation to the original model. 
Effect of Wall Material (thermal conductivity) on Energy Needs 
 Annual Apartment Energy Needs (kWh/m²/a) 
Percentage change in 
relation Concrete wall (%) 
Scenario 
λ             
thermal 
conductivity 
W/mK 
Heat. 
Reference 
Heat . 
Passive 
Cool. 
Reference 
Cool. 
Passive 
Change in 
Heating 
Requirements 
 
Change in 
Cooling 
Requirements 
M1 1,0 35,62 34,77 5,38 7,70 3% -7% 
M2 1,2 35,62 34,54 5,38 7,82 2% -6% 
M3 1,4 35,61 34,36 5,37 7,92 2% -4% 
M4 1,6 35,61 34,20 5,37 8,01 1% -3% 
M5 1,8 35,61 34,07 5,38 8,10 1% -2% 
M6 2,0 35,61 33,97 5,37 8,16 1% -2% 
M7 2,2 35,61 33,87 5,37 8,21 0% -1% 
M8 2,4 35,61 33,79 5,37 8,27 0% 0% 
M9 2,5 35,61 33,75 5,37 8,29 0% 0% 
M10 2,6 35,61 33,72 5,37 8,31 0% 0% 
M11 2,8 35,61 33,66 5,37 8,35 0% 1% 
M12 3,0 35,61 33,60 5,37 8,39 0% 1% 
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Thickness 
Thickness and construction materials of a wall in a thermal mass wall system determine 
thermal conductivity and thermal inertia of the all. These are the basic features that such pas-
sive systems offer to a building. Thickness parameter of the cross section of thermal mass 
wall is examined through the study. Figures below shall show how thickness affects the per-
formance of the system. Original model consists of reinforced concrete with 25cm thickness. 
Investigation on 10 to 50cm thickness with a step of 5cm was simulated. 
To start with figure of picture 38 shows wall’s external surface temperature while pictures 39 
and 40 show solar mass wall’s inside temperature and heat flux for various and representative 
wall thicknesses. A thick wall is considered as big heat storage with increased lag time to dis-
tribute to the living space. Thus we need to investigate which is the optimal to achieve ther-
mal comfort. This depends on the annual apartment energy needs (kWh/m²/a) for heating and 
cooling needs. Solar mass wall’s external surface in south orientation may reach up to 47oC 
and is similar to all models of various thicknesses, as it does not depend on the building. 
Thickness of 10cm is an unacceptable value, as heat flows from the living space to the envi-
ronment.  
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Figure 38: Diagram of solar mass wall’s external surface temperature for various wall thicknesses 
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Additionally unacceptable option is 50cm thickness that tends to a constant temperature be-
tween 22 to 24 
oC in the wall’s inside surface, in combination with the least amount of heat 
flow that is able to distribute to the system.  
Although we reject those two options, in picture 41 we can compare the amount of solar radi-
ation that is converted into useful heat flux. A 10cm thickness wall operates with a minimum 
time lag, as solar radiation is collected and absorbed in the thermal mass tank storage and it is 
distributed as heat to the living space. This is not happening for the option of a 50cm mass 
wall. It has large time lag, solar gains as collected and absorbed are distributed after several 
time. It performs actually the next day. 
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Figure 39: Diagram of solar wall’s inside temperature for various thicknesses  
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Solar Wall's  Inside surface heat flux for various wall thicknesses
-200
-100
0
100
200
300
400
500
04/02
12:00
05/02
00:00
05/02
12:00
06/02
00:00
06/02
12:00
07/02
00:00
07/02
12:00
08/02
00:00
08/02
12:00
09/02
00:00
09/02
12:00
H
ea
t 
fl
ux
 t
o 
th
e 
in
te
ri
or
 (
W
h)
10 20 30 40 50
 
Figure 40: Diagram of solar wall’s inside surface heat flow for various wall thicknesses 
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Solar & Heat gains of wall for the min & max examined thickness
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Figure 41: Solar and heat gains of mass wall for the minimum and maximum thickness 
Table 6 below shows aggregated results of the effect of wall thickness on the annual apart-
ments needs for heating and cooling for both Reference and Passive thermal zone. Thick-
nesses of material between 10cm to 50cm are appearing.  
Table 6: Annual apartment energy needs according to effect of mass wall thickness and percentage 
change in relation to south orientation 
Effect of Wall Thickness on Energy Needs 
Annual Apartment Energy Needs (kWh/m²/a) 
Percentage change in rela-
tion to South orient. (%) 
Scenario Thickness U-Value 
Heating 
 
Cooling 
Change in 
Heat Req./ 
South Passive 
(%) 
 
Change in 
Cooling Req./ 
South Passive 
(%) 
 
w10 10  33,32 8,82 -1% 6% 
w15 15  33,54 8,51 -1% 3% 
w20 20  33,75 8,29 0% 0% 
w25 25  33,94 8,12 1% -2% 
w30 30  34,10 7,99 1% -4% 
w35 35  34,25 7,89 1% -5% 
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w40 40  34,37 7,82 2% -6% 
w45 45  34,48 7,75 2% -7% 
w50 50  34,58 7,69 2% -7% 
 
The results are presented in the diagram, picture 42. Wall thickness of 20cm is the optimal 
op-
tion.
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Figure 42: Diagram of the effect of mass wall thickness on energy needs annually and percentage 
change in relation to south orientation 
Glazing type 
Glazing determines the function of solar energy collection system to a passive solar system. 
The contribution to the performance of such systems is significant. The types of glazing that 
were investigated are as the following: 
 Clear 3mm 
 Low-e Clear 3mm 
 Double pane clear 
 Double pane low-e 
As shown by the process of improving performance comparing to the original-reference 
model single-clear 3mm, each type improves the overall performance and reduces the con-
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sumption of energy for heating and cooling needs. The optimal case is to use double pane 
clear glass 6mm. 
Table 7 and figure 43 capture the results by simulation of each case. 
Table 7: Annual apartment energy needs according to effect of glass type and percentage change in 
relation to south orientation 
Effect of Glass Type Energy Needs 
Annual Apartment Energy Needs (kWh/m²/a) 
Percentage change in relation to 
South orientation (%) 
Scenari
o 
Glass 
U-
Value 
Heating Cooling 
Change in 
Heat 
Requirements 
Change in 
Cooling 
Requirements 
Ref single, clear   33,75 8,29 0% 0% 
g1 single, Low-e   33,32 8,82 -1% 6% 
g2 Double, Clear   29,75 6,36 -12% -23% 
g3 Double, Low-e   29,95 6,73 -11% -19% 
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Figure 43: Diagram of effect of glass type on energy needs of the apartment annually and percentage 
change in relation to south orientation 
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Climate parameters 
The study area was chosen for Thessaloniki as the base scenario. To propose an effective de-
sign optimization, simulation analysis was conducted with representative climate parameters 
across Europe. The climate data of each city were received by list in EP launch and chosen 
regarding warmer to cooler climatic conditions. City of Tel Aviv as it is located within Asia 
continent was chosen on purpose to show how it affects the system in the warmest climatic 
condition comparing to European continent cities. It operates well during winter, although 
during summer has negative implications. 
The system of the thermal mass solar wall performs in southern Europe climatic conditions. 
The thermal mass solar system operates efficiently in the cities of Thessaloniki and Rome as 
table 8 shows below. However, according to both heating and cooling requirements on an an-
nual base, system best suits in Thessaloniki area, as firstly suggested.  
Table 8: Heating and cooling needs for each apartment in different cities according to weather condi-
tions of each examined area. 
Heating & Cooling needs for each apartment 
Annual Heating/Cooling Needs (kWh/m²/a) 
  
Passive Zone Reference Zone 
Heating Cooling Heating Cooling 
TelAviv 3,3 9,1 7,0 5,8 
Larnaca 4,4 17,8 8,7 12,2 
Iraklion 6,3 14,6 9,9 9,9 
Athens 17,3 16,3 20,3 11,4 
Rome 25,9 4,7 28,3 2,6 
Thessaloniki 33,8 8,3 35,6 5,4 
Florina 62,2 2,6 60,1 1,2 
Brussels 78,5 0,0 71,0 0,0 
Berlin 88,3 0,0 80,6 0,0 
Stockholm 112,6 0,0 104,5 0,0 
 
In picture 44 we can see the climatic zones across European continent with each feature of 
climatic conditions of each part. 
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Figure 44: Climatic conditions across Europe continent 
 
All these parameters in the form of examined scenarios as suggested, affected the system of 
the thermal mass solar wall in means of improvement. All research is based on the model 
chosen and any other relevant interventions could reach to better results. Further and deeper 
analysis can be used for that purpose. 
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5 Conclusions 
This paper has clearly shown that passive solar systems constructions, such as thermal 
mass solar wall utilize solar energy to meet energy needs required for heating purposes, 
although they require proper study and design before their implementation.  
Basic criterion for the performance of a passive solar system is its operation (operating 
hours) except for the whole study, design and construction involves proper use of the 
system. 
The role of the user and user habits could increase or decrease the efficiency of passive 
solar system or any other system related to heating and cooling. Energy performance of 
the building could be affected overall. Even though in recent years there are several 
automatic control systems for more reliability with consistency and accuracy compared 
to human control, ceases the basic principle of passive solar systems in simplicity in 
manufacture and operation, while the biggest disadvantage is the higher cost of installa-
tion and short life term. 
As a number of suggested parameters were investigated in this study, such as orienta-
tion, wall’s material and thickness, type of glazing and climatic conditions in order to 
improve thermal performance of the mass wall and in terms to minimize annual con-
sumption. Analysis and any results produced while simulation of the model designed of 
a two story apartment were based on a dynamic consideration of the building’s energy 
balance, where each parameter in the phase to improve thermal performances and the 
phase of parametric analysis were on a monthly and even hourly basis. 
Base case scenario charged the apartments. By the application of interventions in the 
form of suggested improvement scenarios by providing shading placing overhangs, 
natural ventilation using vents at the top and bottom of the glazing, movable insulation 
to decrease night thermal loss and provide extra insulation and shading during summer 
we achieved to decrease annual heating needs. Cooling needs with the combination of  
interventions as suggested remained at the same level both in the reference zone and 
passive zone. 
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As thermal solar mass contributes significantly to the building’s energy efficiency dur-
ing winter seem to hold levels of thermal comfort during summer, preventing overheat-
ing and showing that the system is suitable to be implemented. 
Orientation of the wall compared to overall thermal behaviour of the mass wall was as 
expected, due to the fact that passive solar systems operate well in south orientation or 
in small deviation angles around South. 
Furthermore, for thermal inertia and lag time-hysteresis influences of ambient tempera-
ture changes and internal temperatures in the living space are affected by thickness and 
material (thermal conductivity) of the mass wall as heating storage tank. 
Experimenting and choosing the appropriate glazing type has taken advantage in reduc-
ing energy requirements for heating and cooling compared to the original model. 
Climatic conditions as the model was simulated and applied in several cities, showed 
that thermal mass solar wall system as a passive system application operates more effi-
ciently in southern cities. Climatic conditions which are characterized as Mediterranean 
climatic zone with mild and wet winters and hot dry summers. To continue research on 
the thermal mass solar wall in other countries or even other continents to study for each 
area separately according to weather conditions is a suggestion for future investigation.  
Shading during summer period deemed necessary to overcome charging of the building 
and reduce energy consumption. This is a case also that it would be interesting to fur-
ther analyze as in the simulation system we did not take into consideration any obstacles 
such as trees or other buildings in the surroundings to interfere to the system.  
Another parameter that could be additionally contributed to the system is the surface of 
the thermal mass wall as we limited the study in 9m
2
 surface. This could lead to further 
reduction on energy needs as the structure of the model is easy to shape. 
At this stage of the study it would be useful to have a cost estimation of the interven-
tions and mass wall. According to recent research from suppliers the cost estimation of 
mass wall to construct in new building ranges between 180€-200€/ m2 including wall 
material, glazing, insulation and labour. It seams a cost effective construction system, as 
it does not include any other maintenance cost reducing energy consumption in new 
building and is adjusted easily improving existing buildings. 
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To conclude, the study, design and examination of each parameter to the energy per-
formance of the chosen model is an approximate process. By further investigation we 
might reach better solutions and answers.  
We should emphasize the fact that the whole study represents results related to this de-
sign and structure. In any case for future research of a more complex construction we 
should set each schedule, elements and object from the beginning to meet the energy 
needs, operation and use of the new construction. 
With the completion of this work I hope that thermal mass solar wall as a passive solar 
system will become an integral piece in the study and design of buildings as the condi-
tions are ideal for the use of such systems. Issues of energy saving and energy planning 
in the buildings should become priority for each operator or user. 
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Appendix I 
The following pictures are representing a typical construction of a Trombe-Michel wall. 
Thermal mass solar wall and Trombe wall are passive solar systems of indirect gain. 
They are operating similarly. What differ one another is the existence of open vents in 
the masonry of the thermal mass storage tank-wall in a Trombe wall. As the sources 
were limited to show a representative thermal mass solar wall construction, Trombe 
wall construction shall give the proper insight. 
All pictures below were gathered while academic tutorials and presentations of the 
course Energy Building Design and Indirect gain Passive solar systems, Dr. Theodoros 
Theodosiou  
 
Figure 1: Brick wall  
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Figure 2: South elevation of the building-sockets for glazing 
 
Figure 3: Vent-opening on the masonry or mass wall 
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Figure 4: Placement of glazing pane and frame. 
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 Figure 5: Completion of non contiguous glazing installation.  
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Figure 6: South elevation of the building after the installation of Trombe wall 
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Figure 7: Dark color painting of mass wall to increase absorption of solar radiation  
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Figure 8: Completion of Trombe mass wall construction 
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Appendix II 
Appendix II would include all tables of simulation results in excel files, unfortunately 
due to large volume of archives there is a list of clipping pictures of the respectively si-
mulation results. They all shall be included in the DVD inclosed. 
 
 
Figure 9: Creation of Schedules 
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Figure 10: Base case scenario annual and monthly requirements. Implementation of additional 
scenarios 
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Figure 11 Parametric analysis results 
 
Figure 12: Analysis results of each parameter added in base scenario 
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Figure 13: Analysis results of parameter material-thermal conductivity 
 
 
